Redefining Virulence of Bacterial Pathogens

Measuring bacterial gene expression and metabolism during infections provides a more comprehensive view of virulence in action
Harry Mobley
Investigators identifying virulence genes at fırst did so by examining transposon mutants or individual gene mutations. Mutants of bacterial pathogens were then assessed in animals, whose symptoms mimicked human disease. Later, genome-wide screens were developed whereby genes and proteins that influence virulence could be identifıed, including via signature-tagged mutagenesis (STM), in vivo expression technology (IVET), and in vivo-induced antigen technology (IVIAT). Investigators then began to use RT-PCR to measure expression of individual genes, including within infected tissues. Microarray technology enables us to estimate global gene expression under defıned culture conditions such as nitrogen limitation, oxygenation, and osmotic stress.
These efforts led to our conventional view of microbial virulence, with its focus on adhesins, iron acquisition, toxins, secretion, and motility, as well as on bacteria with genes such as those on horizontally transferred pathogenicity-associated islands that are not found in commensal strains. Now, however, we also must consider what metabolic pathways are in play when microbial pathogens infect their hosts. What's for dinner? How are these bacteria metabolizing available molecules to colonize a particular body site? Which import and export systems are active during infection?
Because mutations in these systems should reduce fıtness, we should measure transcription under relevant conditions. For pathogens that infect humans, those conditions require analysis during infections whenever possible. This approach rests on the hypothesis that virulence is the sum of required metabolic pathways, traditional virulence determinants, upregulated transport systems, and other functions.
Importance of Measuring Bacterial Gene Expression in Hosts
In the last decade, investigators used microarrays to assess gene expression of pathogens, including Borrelia burgdorferi, Burkholderia pseudomallei, Campylobacter jejuni, Escherichia coli, Helicobacter pylori, Listeria monocytogenes, Mycobacterium spp., Mycoplasma hypopneumoniae, Streptococcus pyogenes, and Vibrio cholerae, infecting mice, rats, gerbils, rabbit ileal loops, hamsters, and pigs. For example, my collaborators and I measured in vivo gene expression of uropathogenic E. coli (UPEC) collected directly from urine of mice using this model for ascending urinary tract infection (UTI). We also studied transcriptomes of E. coli directly from the urine of patients with complicated UTI and in otherwise healthy women with uncomplicated UTI using RNA-Seq. Overall, only a few research groups have measured genome-wide gene expression during human infections with V. cholerae, Pseudomonas aeruginosa, M. tuberculosis, and E. coli.
Taken together, these techniques provide a broad view of virulence. Close examination of individual genes and operons, along with complementation experiments, provide more detailed assessments. Further, we know that additional factors are required for colonizing and infecting humans or other host species. Critically, the metabolism of pathogens needs to match available nutrients and oxygen levels for them to thrive in hosts. Thus, the contribution of bacterial metabolism must be added to the study of virulence to craft a complete picture.
One Species Helps Redefine Bacterial Virulence
To redefıne the meaning of virulence, let us look carefully at one versatile pathogen, E. coli, whose many pathotypes developed through countless transfers of foreign DNA into commensal strains via conjugation, transduction, and transformation. For example, enterohemorrhagic E. coli received the Shiga toxin gene via transduction as well as its pathogenicity island carrying the locus of enterocyte effacement (LEE) probably following conjugation.
It is but one among other E. coli intestinal and extraintestinal pathotypes. For example, this species causes diarrhea in at least six different ways, including by enterotoxigenic, enteropathogenic, enterohemorrhagic, enteroaggregative, enteroinvasive, and diffuse-adherent E. coli. Each has its own mechanism of pathogenesis. Beyond the intestinal tract, extraintestinal E. coli causes urinary tract infection and meningitis in humans, and lung infection in birds.
Consider one of these pathotypes, uropathogenic E. coli, which causes about 80% of ascending urinary tract infections in otherwise healthy women. Infections typically start when feces contaminate the periurethral area, from which bacteria ascend into the bladder, causing cystitis (Fig.  1A) . From there, bacteria ascend the ureters toward the kidneys. On a human scale, this journey entails about a 45,000-foot (15,000-meter) climb in 2 hours on a path covered in mucus.
We can visualize some of these steps in mice that we inoculate with E. coli CFT073 expressing a flagellin-lux fusion (Fig. 1B) . When the flagellin gene (fliC) is transcribed, we see a burst of light. From the back of the animal, we can see that these bacteria ascend the ureters to the kidneys within two hours. In some cases, these bacteria cross epithelial and endothelial barriers into the bloodstream.
These bacteria have up to 12 types of fımbrial adhesins. The most notable is P fımbriae, which binds the P blood group antigen expressed on the surface of kidney epithelial cells. Six O serotypes, which are antigenic variants of lipopolysaccharide (LPS), cause three-fourths of infections. These strains, which synthesize capsules (K antigen) that evoke serum resistance, are chemotactic and motile. They also make many iron and heme receptors, and exotoxins such as hemolysin, cytotoxic necrotizing factor, cytolethal distending toxin, and several autotransported proteases. 
Using Pathogenicity Islands when Defining Virulence
Another way to defıne UPEC strains involves analyzing how they acquired pathogenicity islands. For example, we hybridized genomic DNA from fecal-commensal strains, cystitis strains, and pyelonephritis (ones infecting kidneys) strains to a microarray of E. coli CFT073, which is the most cited prototype UPEC strain, from gene 1 through gene 5364. This analysis reveals that E. coli CFT073 contains signifıcant stretches of DNA that are not present in other strains, particularly fecal strains ( Fig. 2A) . Indeed CFT073 carries 13 pathogenicity islands ranging from 30 to 100 kb that were inserted around the chromosome and account for about 12% of the genome (Fig. 2B ). These accessories enable E. coli to move into the bladder.
From a survey of those genes from 315 strains, including fecal, cystitis, and pyelonephritis strains, we note that as E. coli moves higher up the urinary tract, it is considered more virulent and more likely to have those genes. For example, about 70% of pyelonephritis strains have particular fımbriae called Auf (another UPEC fımbria) found in fewer than 20% of fecal strains. This relationship holds up for other fımbriae, toxins, and iron acquisition systems (Fig. 2C ).
Other Factors that Help To Define Bacterial Virulence
Of course, these virulence genes are not all the factors required for bacteria to infect a host. Metabolic cycles, including glycolysis, gluconeogenesis, the tricarboxylic acid (TCA) cycle, pentose phosphate pathway, and the Entner-Duodoroff pathway, may all play a part. The bacteria that colonize the urinary tract rely on nutrients in that environment. What is available to them?
To test whether E. coli needs all those metabolic pathways, we introduced single mutations that specifıcally knock out each of these cycles, inoculated the mutants into the bladders of mice, and then measured the number of bacteria after 48 hours. Mutants with defects in the TCA cycle or gluconeogenesis had impaired fıt-ness during UTI.
However, when the glycolytic, pentose phosphate, and Entner-Duodoroff pathways are knocked out, the mutants colonize the urinary tract just fıne. Peptide transporters such as DppA and OppA are induced in urine, and required for infection. From these fındings, we surmise that amino acids and peptides are the primary carbon source for E. coli infecting the urinary tract. Presumably peptides are taken up, converted into amino acids, and then oxaloacetate enters the TCA cycle, boosting oxidative phosphorylation and gluconeogenesis to make glucose, which is not usually present in the urinary tract. The fact that bacteria need only a few of their major metabolic pathways during infections is surprising.
Measuring Bacterial Gene Expression during Infections
To learn what else E. coli does in vivo, we looked at the transcriptome several ways-collecting bacteria from the urine of infected CBA mice or from women with complicated urinary tract infections. Bacterial RNA was isolated, converted into cDNA, and then hybridized to the E. coli CFT073 microarray (Fig. 3) . For eight patients, "red" signifıes that a virulence gene is expressed, while "black" means that it is not expressed or absent. Virulence factor genes include those for fımbria, toxins, iron acquisition, capsule, metabolism genes, and transporters.
The relative expression during human UTI versus murine UTI yields a good correlation (r ϭ 0.589; P Ͻ 0.0001), especially for iron acquisition proteins, which are highly expressed in both mice and humans. In humans, however, fımbrial genes are not well expressed by bacteria collected in urine. Although informative, these comparisons are not ideal because the eight strains from the urology clinic were compared to the genome of another strain, E. coli CFT073.
Next, we asked what E. coli does by collecting urine specimens from 86 women with relatively uncomplicated infections. The urine from about half the women contained more than 10 5 CFU/ ml, with 38 of the samples positive for E. coli. We isolated those strains for genomic sequencing, while subjecting RNA from fıve strains to sequencing to determine their transcriptomes. By phylogenetic analysis, these strains were UPEC strains in the B2 and D phylogenetic groups, lining up nicely with prototype UPEC strains CFT073, 536, UTI89 (all B2) and UMN26 (D). Also consistent with UPEC strains, the genome sizes were 8 -15% larger than E. coli K12, suggesting that they contain several pathogenicity islands.
In terms of expression of traditional virulence factor genes, one strain expressed high levels of type 1 fımbriae and lower levels of P fımbriae and F1C fımbriae (Fig. 4) . Iron acquisition proteins also are highly expressed because urine is ironlimiting. Toxin genes such as hemolysin and CNF, proteases, and flagella are expressed weakly. However, in another strain, the type 1 fımbriae are very poorly expressed but the P fımbria gene is expressed well and iron acquisition genes are more highly expressed than they are in the fırst strain. Expression of type 1 fımbriae is very important because, although essential in mice, it is variably expressed during human UTI. The promoter for type 1 fımbriae resides on an invertible element, which recombinases can turn on and off, meaning it is phase variable. Using an invertible element assay, 6 of 21 strains from urine of women with UTI were on, while in 12 strains the whole population was off, and in 3 strains parts of the population were on and other parts off.
Comparative Transcriptomics Reveal Host-Induced Bacterial Genes
Using comparative transcriptomics, we compared the expression or abundance of RNA in urine samples from UTI patients to the same bacteria cultured from urine from agematched, healthy volunteers. If we look at specifıc transcripts, we can identify some that are highly expressed in the host but not in urine. What are the specifıc genes that are expressed only while bacteria are in the host? Averaging data for fıve strains, host-induced genes were those encoding import systems for sulphonate, nickel, phosphonate, taurine, and potassium, and copper efflux, osmoprotection, and colanic acid synthesis. These are representative of UTI-specifıc genes.
Thus, some host factor(s) turns particular genes on, while the bacteria continue to synthesize many other virulence factors. If we compare samples from UTI patients to bacteria growing in vitro in urine collected from healthy volunteers,
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For each one of those genes, we sought to verify their involvement in virulence by making clean mutations, mixing mutants with wild-type CFT073, inoculating those bacteria into mice, and then culturing samples from the bladder and kidneys to calculate the competitive index (mutant CFU/wild type CFU). For copper export, the wild type outcompetes mutants lacking cus genes. Moreover, these bacteria appear to consume ethanolamine from host epithelial cells. Also within the human urinary tract, the bacteria also take up nickel, sulfonate, potassium, phosphonate, and taurine while expelling copper ions.
Different Bacterial Genes Are Required for Different Host Settings
When cystitis progresses to pyelonephritis, E. coli can break through tubules and capillaries in the kidney to enter the bloodstream. To identify genes supporting this development of bacteremia, we used transposon-directed insertion site sequencing, inoculating 360,000 transposon mutants simultaneously into the tail vein of a mouse. We then recovered bacteria from the spleen and sequenced their genomic DNA to see which mutants are underrepresented in the bloodstream to identify those genes that provide a fıtness advantage during bloodstream infection.
For example, in the inoculum, the sensitivity to antimicrobial peptide (sap) operon gene had 622 insertions, while samples from the spleen contained only 91 insertions, equivalent to a fıt-ness factor of 6.8. We investigated other genes with fıtness factors 2 standard deviations above the mean. The top 11 mutants included genes for producing poly N-acetyl glucosamine, an iron receptor, a zinc peptidase, a type IV pilus, oligopeptide uptake, resistance to antimicrobial peptides, and two serine proteases. Wild-type E. coli signifıcantly outcompeted all these mutants during bacteremia.
Taken together, virulence can be redefıned as the sum of classical virulence factors, requisite metabolic pathways, and key import and export pumps. Measuring gene expression in vivo is critical to defıning virulence of bacterial pathogens. 
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